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SUMMARY 


The  results  of  an  experimental  program  to  determine  the  bolted- joint  strength 
and  failure  modes  of  graph ite/polyimide  laminates  are  presented.  Sixteen-ply,  quasi¬ 
isotropic  laminates  of  Celion  6000/PMR-15  and  Celion  6000/LARC-160  with  a  fiber 
orientation  of  [0/45/90/-45] 23  were  evaluated.  Tensile  and  open-hole  specimens  were 
tested  at  room  temperature  to  establish  laminate  tensile  strength  and  net  tensile 
strength  at  an  unloaded  bolt  hole.  Double-lap  joint  specimens  with  a  single  4.83-mm 
(0.19-in.)  diameter  bolt  torqued  to  1.7  N-m  (15  Ibf-in.)  were  tested  in  tension  at 
temperatures  of  116  K  (-250®F),  297  K  (75'’F)  ,  and  589  K  (600°F).  The  joint  ratios  of 
w/d  (specimen  width  to  hole  diameter)  and  e/d  (edge  distance  to  hole  diameter) 
were  varied  from  4  to  6  and  from  2  to  4,  respectively.  The  effect  of  joint  geometry 
and  temperature  on  failure  mode  and  joint  stresses  are  shown.  Joint  stresses  calcu¬ 
lated  at  maximum  load  for  each  joint  geometry  and  test  temperature  are  reported. 

Five  failure  modes  were  observed  for  the  double-lap  joint  specimens.  For  all  joint 
ratios  tested,  net-tension,  bearing,  and  shear-out  stresses  decreased  with  increasing 
temperature  from  116  K  (-250®F)  to  589  K  (600®F).  Joint  strength  in  net  tension, 
bearing,  and  shear-out  at  116  K  (-250OF)  ,  297  K  (75<^F),  and  589  K  (600°F)  are  given 
for  the  Celion  6000/PMR-15  and  Celion  6000/LARC-160  laminates. 


INTRODUCTION 

The  development  of  graph ite/polyimide  composites  offers  the  potential  of  signif¬ 
icant  weight  savings  compared  with  metallic  or  other  composite  materials  in  a  variety 
of  structures  that  operate  at  elevated  temperature  (ref.  1).  Studies  have  been  con¬ 
ducted  at  Langley  Research  Center  on  the  application  of  graph ite/polyimide  composites 
to  the  Space  Shuttle  orbiter  and  supersonic  cruise  aircraft.  In  particular,  the 
Composites  for  Advanced  Space  Transportation  Systems  (CASTS)  project  was  initiated  to 
develop  graphite-reinforced  polyimide  composite  structures  for  aerospace  vehicles 
(ref.  2) .  Included  in  the  research  project  was  the  design  and  development  of  attach¬ 
ment  methods  for  composite  components.  As  a  part  of  this  techno logy- development 
effort,  the  load-carrying  capabilities  of  joint  geometries  and  the  associated  failure 
modes  were  needed  for  bolted- joint  design.  Therefore,  an  experimental  study  was 
conducted  to  obtain  bolted-joint  strength  and  failure  modes  for  graphite/polyimide 
laminates. 

The  selection  of  test  laminates,  fastener,  and  temperatures  were  the  results  of 
near-  and  far-term  objectives  of  the  CASTS  project  (refs.  1  and  2).  The  test  matrix 
of  joint  variables  selected  for  this  study  was  based  on  experimental  data  reported 
for  graphite-  and  glass-reinforced  epoxy  laminates  (refs.  3  through  6).  This  paper 
presents  experimental  data  obtained  for  graphite/polyimide  laminates  of  Celanese 
Celion  6000/PMR-15  and  Celion  6000/LARC- 160 .  Laminate  tensile  strength  and  net  ten¬ 
sile  strength  at  an  unloaded  bolt  hole  were  determined  at  room  temperature.  Double¬ 
lap  joint  specimens  with  a  single  torqued  bolt  were  tested  in  tension  to  failure  at 
low,  room,  and  elevated  temperatures.  Joint  ratios  of  w/d  (specimen  width  to  hole 
diameter)  and  e/d  (edge  distance  to  hole  diameter)  were  varied  to  obtain  failure 
modes  and  joint  failure  stresses  in  net  tension,  bearing,  and  shear-out. 


Experimental  results  are  presented  to  show  the  effect  of  joint  geometry  and 
temperature  on  joint  failure  stresses  and  modes.  Joint  strengths  in  net  tension, 
bearing,  and  shear-out  at  all  test  temperatures  are  reported. 


SYMBOLS 

Measurements  and  calculations  were  made  in  the  U.S.  Customary  Units.  They  are 
presented  herein  in  the  International  System  of  Units  (SI)  with  the  equivalent  values 
given  parenthetically  in  the  U.S.  Customary  Units. 

d  hole  diameter,  mm  (in.) 

dj^  bolt  diameter,  mm  (in.  ) 

e  center  of  hole  to  edge  distance,  mm  (in.) 

fiber  volume  fraction,  percent 
P  load,  N  (Ibf) 

Tg  glass  transition  temperature,  K  (°F) 

t  specimen  thickness,  mm  (in.) 

w  specimen  width,  cm  (in.) 

nominal  bearing  stress,  MPa  (ksi) 

nominal  net-section  tensile  stress,  MPa  (ksi) 

nominal  shear-out  stress,  MPa  (ksi) 

MATERIALS 

Two  graphite/polyimide  composite  materials,  Celion  6000/PMR-15  and 
Celion  6000/LARC-160 ,  were  selected  for  evaluation.  A  16-ply  quasi-isotropic  lami¬ 
nate  with  a  fiber  orientation  of  [ 0/45/90/-45] 2g  was  chosen  for  characterization. 
Laminate  and  specimen  fabrication  was  performed  both  in-house  and  on  contract  for  the 
Celion  6000/PMR-15  material  system.  The  in-house  Celion  6000/PMR-15  specimens  were 
obtained  from  a  single  127-cm  by  66-cm  (50-in.  by  26-in.)  laminate.  Processing 
details  for  the  in-house  specimens  are  reported  in  reference  7.  The  laminate  had  a 
fiber  volume  fraction  of  55  percent  and  a  glass  transition  temperature  T  of 

589  K  (600®F).  The  contract  Celion  6000/PMR-15  specimens  were  obtained  from  two 
76-cm  by  46-cm  (30-in.  by  18-in.)  laminates.  Processing  details  for  the  contract 
specimens  are  reported  in  reference  8.  The  laminates  had  an  F^  value  of  64  percent 
and  a  T^  value  of  595  K  (612°F).  Laminate  and  specimen  fabrication  was  performed 
in-house  for  the  Celion  6000/LARC- 160  material  system.  Specimens  were  obtained  from 
a  single  127-cm  by  66-cm  (50-in.  by  26-in.)  laminate.  Processing  details  are 
reported  in  reference  7.  The  Celion  6000/LARC- 160  laminate  had  an  F  value  of 
56  percent  and  a  T^  value  of  609  K  (636®F) .  All  specimens  were  tested  in  the  as- 
received  condition. 
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TEST  PARAMETERS  AND  SPECIMENS 


Tensile  strength  and  modulus  for  each  of  the  graphite/polyimide  laminates  were 
determined  at  room  temperature  from  tensile  specimens.  Reduction  in  laminate  tensile 
strength  resulting  from  the  stress  concentration  around  a  circular  hole  was  deter¬ 
mined  from  open-hole  specimens  from  the  in-house  Celion  6000/PMR-15  laminate.  Joint 
strengths  for  a  single  fastener  in  double-lap  shear  specimens  were  determined  at 
116  K  (-250®F),  297  K  (75<»F)  ,  and  589  K  (GOO^F)  . 


Tensile  Specimens 

The  Celion  6000/PMR-15  tensile  specimens  were  2.54  cm  (1.00  in.)  wide  by  27.9  cm 
(11.0  in.)  long  with  6.4-cm  (2.5-in.)  doublers  at  each  end.  (See  fig.  1(a).)  The 
nominal  thicknesses  were  2.79  mm  (0.11  in.)  for  specimens  machined  from  the  in-house 
laminate  and  2.29  mm  (0.09  in.)  for  specimens  machined  from  the  contract  laminate. 

The  Celion  6000/LARC-160  specimens  were  2.54  cm  (1.00  in.)  wide  by  30.5  cm  (12.0  in.) 
long,  and  the  nominal  thickness  was  3.05  mm  (0.12  in.).  Doublers  were  not  used  on 
the  Celion  6000/LARC- 160  specimens  because  of  specimen  failures  at  the  doublers  dur¬ 
ing  preliminary  tests.  For  the  Celion  6000/LARC-160  specimens,  grip  length  was 
increased  to  7.6  cm  (3.0  in.),  and  specimen  length  was  increased  by  2.5  cm  (1.0  in.) 
to  maintain  a  15.2-cm  (6.0-in.)  long  test  section. 


Open-Hole  Specimens 

Open-hole  specimens  were  fabricated  from  the  in-house  Celion  6000/PMR-15  lami¬ 
nate.  Specimens  were  24.1  cm  (9.5  in.)  long  with  widths  of  1.93  cm  (0.76  in.), 

2.41  cm  (0.95  in.),  and  2.90  cm  (1.14  in.).  Each  specimen  had  two  test  holes  of 
4.83-mm  (0.19-in.)  nominal  diameter  located  six  hole  diameters  from  the  doublers, 
which  were  3.8  cm  (1.5  in.)  long.  (See  fig.  1(b).)  One  hole  was  tested  at  a  time 
with  load  transfer  through  the  center  doublers  and  one  of  the  end  doublers.  The 
doublers  had  6.35-mm  (0.25-in.)  diameter  holes  for  load  transfer. 


Bolted- Joint  Specimens 

Room  temperature.-  A  typical  bolted- joint- specimen  configuration  for  room- 
temperature  tests  is  shown  in  figure  2(a).  Specimens  had  four  test  holes  with  a 
4.83-mm  (0.19-in.)  nominal  diameter.  After  the  two  outer  holes  were  individually 
tested,  the  specimens  were  cut  to  another  edge  distance  e  for  the  two  inner  holes. 
Load  transfer  was  through  the  doublers  and  the  test  holes.  Edge  distances  were 
0.97  cm  (0.38  in.),  1.45  cm  (0.57  in.),  and  1.93  cm  (0.76  in.).  Specimen  widths 
were  1.93  cm  (0.76  in.),  2.41  cm  (0.95  in.),  and  2-90  cm  (1.14  in.).  The 
Celion  6000/PMR-15  specimens  were  17.8  cm  (7.0  in.)  in  length  with  3.8-cm  (1.5-in.) 
long  doublers,  whereas  the  Celion  6000/LARC- 160  specimens  were  19.1  cm  (7.5  in.)  long 
with  5.1-cm  (2.0-in.)  long  doublers.  The  inner  test  holes  were  approximately  five 
hole  diameters  from  the  reinforcing  doublers,  which  had  a  6.35-mm  (0.25-in.)  diameter 
hole  for  load  transfer. 

Low  and  elevated  temperatures.-  A  typical  bolted- joint-specimen  configuration 
for  tests  at  low  and  elevated  temperatures  is  shown  in  figure  2(b).  Each  specimen 
had  a  single  test  hole,  nominally  4.83  ram  (0.19  in.)  in  diameter-  Edge  distances 
were  0.97  cm  (0.38  in.),  1.45  cm  (0.57  in.),  and  1.93  cm  (0.76  in.).  Specimen  widths 
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were  1.93  cm  (0.76  in.),  2.41  cm  (0.95  in.),  and  2.90  cm  (1.14  in.).  The 
Celion  6000/PMR-15  specimens  were  20.3  cm  (8.0  in.)  long  with  3.8“cm  (1.5-in.)  long 
doublers,  and  the  Celion  6000/LARC- 160  specimens  were  22.9  cm  (9.0  in.)  long  with 
5.1 -cm  (2.0-in.)  long  doublers. 


TEST  APPARATUS  AND  INSTRUMENTATION 

All  specimens  were  tested  in  a  534-kN  (120  000-lbf)  capacity  hydraulic  testing 
machine  except  the  Celion  6000/LARC- 160  tensile  specimens,  which  were  tested  in  a 
245-kN  (55  000-lbf)  capacity  hydraulic  testing  machine.  Load  was  applied  to  the 
Celion  6000/PMR-15  tensile  specimens  through  wedge  grips.  Load  was  applied  to  the 
Celion  6000/LARC- 160  tensile  specimens  through  hydraulic  grips,  using  a  grip  pressure 
of  6.89  MPa  (1000  psi) ,  and  through  cellulose  acetate  shims  between  the  specimen  ends 
and  the  grip  faces.  For  open-hole  and  bolted- joint  specimens,  load  was  applied 
through  load  links  (steel  plates  3.05  mm  (0.12  in.)  thick  and  2.5  cm  (1.0  in.)  wide). 
The  load  links  were  pin-connected  at  the  loading  heads  using  1.270-cm  (0.500-in.) 
diameter  pins  and  slotted  grips.  For  open-hole  specimens,  the  load  links  were 
clamped  to  the  specimen  doublers  with  6.35-mm  (0.25-in.)  diameter  bolts  torqued  to 
3.4  N-m  (30  Ibf-in. ) .  When  bolted-joint  specimens  were  tested,  the  upper  load  links 
had  4.83-mm  (0.19-in.)  diameter  holes.  These  load  links  were  clamped  to  the  specimen 
with  a  nominal  4.83-mm  (0.19-in.)  diameter  bolt  torqued  to  1.7  N-m  (15  Ibf-in. ) , 
which  provided  the  double-lap  test  joint.  (See  fig.  3.) 

Tensile  specimens  were  instrumented  with  back-to-back  strain  gages  at  the  center 
of  the  specimen  test  section.  Load  and  strain  were  recorded  on  an  X-Y  recorder.  For 
open-hole  and  bolted-joint  specimen  tests,  load  and  loading-head  displacement  were 
recorded  on  an  X-Y  plotter.  Loading-head  displacement  was  measured  with  a  direct- 
current  displacement  transducer  (DCDT) . 

The  tests  at  low  and  elevated  temperatures  were  performed  in  a  test  chamber 
using  liquid  nitrogen  and  cartridge  heaters.  The  interior  of  the  test  chamber,  shown 
in  figure  3,  is  15.2  cm  (6.0  in.)  wide,  8*9  cm  (3.5  in.)  deep,  and  20.3  cm  (8.0  in.) 
high.  In  order  to  monitor  test  temperature,  a  copper- cons tantan  thermocouple  was 
clamped  to  the  graphite/polyimide  specimens  6.35  mm  (0.25  in.)  below  the  test  joint. 

Preliminary  test  runs  were  conducted  on  a  representative  test  joint  to  determine 
uniformity  of  temperature  across  the  test  joint,  temperature  control  settings  for  the 
oven,  and  test  procedures.  Preliminary  tests  were  conducted  at  116  K  (-250®F)  and 
589  K  (600®F) ,  with  five  thermocouples  in  the  double-lap  test-joint  area.  No  temper¬ 
ature  difference  was  measured  at  116  K  (-250°F)  across  the  joint  area,  and  a  differ¬ 
ence  of  only  1  K  (2°F)  was  measured  at  589  K  (600®F) . 


TEST  PROCEDURES 

Tensile  and  Open-Hole  Specimens 

Tensile  specimens  were  aligned  and  clamped  in  the  specimen  grips.  Load  was 
applied  at  a  rate  of  5.34  kN/min  (1200  Ibf/min)  to  failure.  Load-strain  response  and 
maximum  load  from  the  test-machine  indicator  were  recorded. 

Open-hole  specimens  were  mounted  in  the  test  machine  by  aligning  the  doubler 
holes  with  the  load-link  holes.  The  bolts  were  inserted  in  the  holes,  and  the  nuts 
were  turned  until  the  load-link  plates  contacted  the  doublers  without  applying  a 
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clamping  force*  A  tensile  preload  of  approximately  445  N  (100  Ibf)  was  applied  to 
the  specimens  before  torquing  the  6.35-mm  (0.25-in*)  bolts  to  3*4  N-m  (30  Ibf-in. ) * 
Load  was  applied  at  a  rate  of  2*67  kN/min  (600  Ibf /min)  to  failure.  Load-deflection 
response  and  maximum  load  from  the  test-machine  indicator  were  recorded* 


Bolted-Joint  Specimens 

Test  procedures  for  all  bolted-joint  specimens  were  the  same  except  for  the 
establishment  of  temperature  for  the  specimens  at  low  (116  K  (-250®F) )  and  elevated 
(589  K  (600°F))  temperatures  prior  to  loading.  Each  specimen  was  mounted  in  the  load 
train  by  aligning  the  specimen  holes  with  the  corresponding  load-link  holes  and 
inserting  the  appropriate  bolt*  The  nuts  were  turned  until  the  load-link  plates 
contacted  the  specimen  surfaces  without  applying  a  clamping  force*  A  tensile  preload 
of  approximately  445  N  (100  Ibf)  was  applied  to  the  specimens  before  torquing  the 
4*83-mm  (0.19-in.)  test  bolt  to  1*7  N-m  (15  Ibf-in. )  and  the  6.35-mm  (0.25-in*) 
doubler  bolt  to  3.4  N-m  (30  Ibf-in*).  The  clamping  force  was  applied  to  the  load- 
link  plates  rather  than  directly  to  the  specimen*  A  load  rate  of  2*67  kN/min 
(600  Ibf/min)  was  set  within  the  linear  load-deflection  response  of  the  specimen,  and 
the  corresponding  head  speed  was  maintained  to  specimen  failure*  Load-deflection 
response  and  maximum  load  from  the  test-machine  indicator  were  recorded. 

Prior  to  loading,  specimens  at  low  and  elevated  temperatures  were  enclosed  in  a 
split  test  chamber  which  was  precooled  or  preheated  to  the  appropriate  test  tempera¬ 
ture*  This  was  accomplished  by  opening  the  chamber  door,  rotating  the  chamber  until 
the  specimen  was  properly  aligned  in  slots  through  the  upper  and  lower  chamber  walls, 
and  closing  the  chamber  door.  (See  fig*  3.)  For  specimens  tested  at  116  K  (-250®F), 
20  minutes  was  required  for  the  specimen  to  reach  a  stable  test  temperature.  For 
specimens  tested  at  589  K  (600®F),  37  minutes  was  required  for  the  specimen  to  reach 
a  stable  test  temperature*  Both  types  of  specimens  were  held  at  test  temperature  an 
additional  10  minutes  before  loading  to  failure. 


TEST  RESULTS 
Tensile  Tests 


Tensile-test  results  obtained  at  room  temperature  are  presented  in  table  I . 
Average  tensile  properties  of  the  in-house  Celion  6000/PMR-15  and  the 
Celion  6000/LARC-160  laminates  were  essentially  the  same*  The  in-house 
Celion  6000/PMR-15  specimens  had  a  tensile  strength  of  469  MPa  (68*0  ksi)  and  a 
Young's  modulus  of  45.6  GPa  (6.61  x  10^  psi).  The  Celion  6000/LARC-160  specimens  had 
a  tensile  strength  of  479  MPa  (69*5  ksi)  and  a  Young's  modulus  of  43*4  GPa 
(6.30  X  10^  psi).  The  average  tensile  strength  of  396  MPa  (57.4  ksi)  for  the  con¬ 
tract  Celion  6000/PMR-15  laminate  was  low  compared  with  the  in-house  laminate*  The 
tensile  strength  of  the  contract  specimens  was  expected  to  be  higher  than  the  in- 
house  specimens  because  the  contract  laminate  had  a  higher  fiber  volume  fraction 
F^  (64  percent)  than  the  in-house  laminate  (55  percent).  This  difference  in  fiber 
volume  fraction  was  reflected  in  the  elastic  modulus  of  the  laminates*  Young's  modu¬ 
lus  was  52.7  GPa  (7.65  x  10^  psi)  for  the  contract  specimens  and  45*6  GPa  (6.61  x  10^ 
psi)  for  the  in-house  specimens  of  Celion  6000/PMR-15.  Failure  of  the  contract 
Celion  6000/PMR-15  specimens  at  the  tapered  doublers  and  an  ultimate  tensile  strain 
of  only  0.79  percent  cast  doubt  on  the  validity  of  the  tensile  strength  obtained  for 
the  contract  laminate* 
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Open-Hole  Tests 


Open-hole  test  results  obtained  at  room  temperature  from  specimens  fabricated 
from  the  in-house  Celion  6000/PMR-15  laminate  are  reported  in  table  II •  The  effect 
of  the  4.83-mm  (0* 19-in.)  diameter  hole  on  tensile  strength  was  determined  from  spec¬ 
imens  with  w/d  =  4/  5^  and  6.  Average  net  tensile  strength  was  calculated  for  each 
value  of  w/d,  based  on  failure  load  and  net-section  area  at  the  hole.  No  signifi¬ 
cant  difference  in  net  tensile  strength  was  obtained  over  the  range  of  w/d  values 
tested.  The  average  net  tensile  strength  for  all  the  open-hole  specimens  was  363  MPa 
(52.6  ksi) .  Based  on  laminate  strength  obtained  from  tensile  tests,  this  stress 
value  translates  into  a  23-percent  reduction  in  laminate  strength  due  to  the  stress 
concentration  around  the  unloaded  hole. 


Bolted-Joint  Tests 

Specimen  and  test  data  are  presented  for  in-house  Celion  6000/PMR-15  in 
tables  III,  IV,  and  V,  for  contract  Celion  6000/PMR-15  in  tables  VI,  VII,  and  VIII, 
and  for  Celion  6000/LARC-160  in  tables  IX,  X,  and  XI.  Net-tension,  bearing,  and 
shear— out  stresses  were  calculated  at  maximum  load  using  the  following  equations : 


P 

^nt  (w  -  d)t 


P 


Failure  mode  data  for  all  specimen  tests  are  summarized  in  table  XII.  Average  values 
of  net-tension,  bearing,  and  shear-out  stresses  at  failure  were  calculated  for  each 
joint  geometry  and  test  temperature,  and  the  results  are  presented  in  table  XIII. 

Failure  modes.-  Five  failure  modes  were  observed.  The  failure  modes  are  defined 
as  bearing,  net  tension,  shear-out,  multiple,  and  combination.  Typical  examples  of 
failures  are  shown  in  figure  4.  The  multiple  and  combination  failures  appear  to  be  a 
combination  of  cleavage  or  shear-out  and  net-tension  failure.  The  major  difference 
between  these  two  failure  modes  is  the  occurrence  of  net-tension  failure  on  both 
sides  of  the  bolt  hole  in  the  multiple  mode. 

Determination  of  failure  mode  was  based  upon  visual  examination  of  the  failed 
specimen  and  the  record  of  load-displacement.  Typical  recordings  of  bearing  and  net- 
tension  failures  at  the  three  test  temperatures  are  shown  in  figure  5  for  in-house 
Celion  6000/PMR-15  specimens.  The  magnitude  of  displacement  and  shape  of  the  curve 
were  distinctive  for  each  of  these  failure  modes. 

One  objective  of  the  test  program  was  to  obtain  laminate  joint  strengths  from 
single-mode  failures  in  net  tension,  bearing,  and  shear-out.  For  the 
Celion  6000/PMR-15  laminates,  only  the  shear-out  mode  at  116  K  (-250<>F)  was  not 
obtained.  Table  XII  shows  that  in  most  cases  the  in-house  and  contract  specimens  of 
Celion  6000/PMR-15  had  the  same  failure  modes  at  corresponding  joint  ratios  and  test 
temperatures.  Bearing  failure  at  lower  joint  ratios  at  116  K  (-250®F)  and  297  K 
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(750F)  for  the  contract  specimens  was  attributed  to  a  thinner  laminate*  'The  contract 
laminate  had  a  nominal  thickness  of  2.29  mm  (0.09  in.)  compared  with  a  nominal  thick¬ 
ness  of  2.79  mm  (0.11  in.)  for  the  in-house  laminate.  For  the  Celion  6000/LARC- 160 
laminate,  the  bearing  failure  mode  was  not  obtained  at  116  K  (-250®F)  and  589  K 
(600°F).  At  these  temperatures,  e/d  >4  at  w/d  >  6  would  be  required  to  obtain  a 
bearing  failure  mode.  A  bearing  stress  value  obtained  from  a  specimen  that  had  a 
two-mode  failure  rather  than  just  a  bearing  failure  could  be  low  and  not  indicative 
of  joint  bearing  strength. 

Joint  stresses.-  Stress  values  reported  herein  were  calculated  at  maximum  load. 
Maximum  load  was  achieved  sometime  after  laminate  damage  had  been  initiated,  as  indi¬ 
cated  by  the  load-displacement  curves  in  figure  5.  The  average  value  of  net-tension, 
bearing,  and  shear-out  stress  for  each  joint  geometry  and  test  temperature  are 
reported  in  table  XIII.  The  test  results  showed  no  significant  differences  in  maxi¬ 
mum  joint  stresses  between  the  graphite/polyimide  laminates  at  corresponding  test 
conditions.  In  general,  the  contract  Celion  6000/PMR-15  specimens  had  joint  stresses 
slightly  higher  than  in-house  specimens  at  corresponding  joint  ratios  and  tempera¬ 
tures.  In  general,  Celion  6000/LARC-160  specimens  had  joint  stresses  slightly  lower 
at  116  K  (-250OF)  and  297  K  {750F),  but  slightly  higher  at  589  K  {600°F),  than  in- 
house  Celion  6000/PMR-15  specimens  at  the  same  joint  ratios. 

The  effect  of  joint  geometry  and  temperature  on  the  net-tension  and  bearing 
stresses  at  failure  are  shown  in  figures  6  through  8.  Net-tension  and  bearing 
stresses  decrease  with  increasing  temperature  from  116  K  (-250®F)  to  589  K  (600®F) 
for  all  values  of  w/d  and  e/d  tested.  For  any  given  temperature  and  value  of 
e/d,  the  net-tension  stress  decreases  with  increasing  w/d,  and  bearing  stress 
decreases  with  decreasing  w/d,  as  expected.  The  effect  of  temperature  and  e/d  on 
the  shear-out  stresses  of  specimens  for  w/d  =  6  are  shown  in  figure  9.  Shear-out 
stress  also  decreases  with  increasing  temperature  from  116  K  (-250®F)  to  589  K 
(600°F)  for  all  joint  ratios.  At  any  test  temperature,  shear-out  stress  decreases 
with  increasing  e/d.  Table  XIV  lists  joint  strengths  in  net  tension,  bearing,  and 
shear-out  for  all  test  temperatures.  The  average  bearing  strength  for  the  Celion 
6000/PMR-15  specimens  was  1310  MPa  (190  ksi)  at  116  K  (-250'^F) ,  1076  MPa  (156  ksi)  at 
297  K  {75®F),  and  738  MPa  (107  ksi)  at  589  K  (600®F).  The  average  bearing  strength 
for  the  Celion  6000/LARC- 160  specimens  was  >1248  MPa  (181  ksi)  at  116  K  (-250®F), 

1069  MPa  (155  ksi)  at  297  K  (75«F),  and  >745  MPa  (108  ksi)  at  589  K  (600®F). 


CONCLUSIONS 

An  experimental  study  was  conducted  to  determine  failure  modes  and  bolted-joint 
strengths  for  graphite/polyimide  laminates  of  Celanese  Celion  6000/PMR-15  and 
Celion  6000/LARC-160 .  The  16-ply,  quasi-isotropic  laminates  had  a  fiber  orientation 
of  [0/45/90/-45] 2g*  Double-lap  joint  specimens  with  a  single  4.83-mm  (0.19-in.) 
diameter  bolt  torqued  to  1.7  N-m  (15  Ibf-in.)  were  tested  in  tension  at 
116  K  (-250®F) ,  297  K  (75®F),  and  589  K  (600®F) .  The  following  conclusions  are  based 
on  the  experimental  results  presented  herein: 

1.  The  effect  of  a  4.83-mm  (0.19-in.)  diameter  hole  on  the  Celion  6000/PMR-15 
laminate  was  a  23-percent  reduction  in  net  tensile  strength  at  297  K  (75®F)  due  to 
the  stress  concentration  around  the  unloaded  hole. 

2.  Five  failure  modes  were  obtained  and  were  defined  as  bearing,  net  tension, 
shear-out,  multiple,  and  combination. 
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3.  There  were  no  significant  differences  in  maximum  joint  stresses  between  the 
laminates  at  corresponding  test  conditions. 

4.  Laminate  joint  strengths  were  obtained  from  single-mode  failures  in  net  ten¬ 
sion,  bearing,  and  shear-out,  except  for  shear-out  at  116  K  (-250°F)  in  the 

Celion  6000/PMR-15  specimens  and  bearing  at  116  K  (-250°F)  and  589  K  (600®F)  in  the 
Celion  6000/LARC-160  specimens. 

5.  The  average  bearing  strength  for  the  Celion  6000/PMR-15  specimens  was 
1310  MPa  (190  ksi)  at  116  K  (-250»F),  1076  MPa  (156  ksi)  at  297  K  (75°F),  and 
738  MPa  (107  ksi)  at  589  K  (600°F) .  The  average  bearing  strength  for  the 
Celion  6000/LARC-160  specimens  was  >1248  MPa  (181  ksi)  at  116  K  (-250°F), 

1069  MPa  (155  ksi)  at  297  K  (75'’F),  and  >745  MPa  (108  ksi)  at  589  K  (600®F)  . 


Langley  Research  Center 

National  Aeronautics  and  Space  Administration 
Hampton,  VA  23665 
April  2,  1982 
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TABLE  I.-  TENSILE  PROPERTIES  OP  QUASI-ISOTROPIC  GRAPHITE/POLYIMIDE  LAMINATES 


Average  .  479  (69.5)  1.17  43.4  (6.30) 
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TABLE  III.-  BOLTED-JOINT  DATA  FOR  IN-HOUSE  CELION  6000/PMR-15  SPECIMENS  TESTED  AT  116  K  (-250°F) 
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TABLE  IV.-  Concluded 
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TABLE  V.-  BOLTED-JOINT  DATA  FOR  IN-HOUSE  CELION  6000/PMR-15  SPECIMENS  TESTED  AT  589  K  (600»F) 
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TABLE  VI.-  BOLTED-JOINT  DATA  FOR  CONTRACT  CELION  6000/PMR-15  SPECIMENS  TESTED  AT  116  K  (-250®F) 


c  5^  o 

0)  A  I 

Jj 

M  nJ 
<d  0) 

I  SS 

E-r  ®  W 


Failure 

mode 

■ 

Shear-out 

stress, 

MPa 

211 

223 

222 

CNJ  CNJ 
in  ^  ^ 


CO  in  lO 
cvj  ^ 

(N  CM  CNJ 


o 

in 

00 

00 

o 

ro 

00 

tn 

r*" 

00 

T“ 

CM 

fO 

c 

0 

•H 

w 

w 

c 

n 

nJ 

OJ 

0) 

4J 

u 

1 

Net 

CQ 

g  *0 
•H  (d  2: 
X  0  X 


in  in 

CM  ^  00 


ID  ^  CT> 
0^ 


^  O  CO 

o  ^ 
<N  cn  CO 


CO  CO  n 

o  o  00 


•H 

B 

0) 

CQ 

W 

tT> 

0) 

00 

VD 

00 

O 

0> 

CO 

O 

in 

VD 

O 

00 

CM  CM 

00 

in 

ro 

H 

<d 

C  g 

VD 

00 

T- 

fO 

VD 

VD 

ro 

a\ 

OV 

VD 

T-  00 

ro 

in 

CQ 

u 

E 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

o 

o 

O 

CM 

CM  ^ 

CM 

CM 

CM 

a) 

U 

. 

. 

. 

. 

• 

• 

. 

. 

. 

. 

. 

. 

. 

.  . 

• 

• 

. 

> 

•H 

CM 

CM 

IN 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM  CM 

CM 

CM 

CM 

id 

5 

o^  m  CM 
<y>  t-  CM 
ro  ro  ^ 


CM  CM  CM 

^  cr»  00 
ro  ^  ^ 


ro  CO 

in  00  CM 

r-  r-  CM 
•  •  • 

^  ^ 

CM  CM  CM 


00 

in  00  vD 
vD  m  CO 


fO  O  VD 

in  CO  ov 
^  ^  ^ 


CO  Oi  VD 

'd’  in  CO 

Ov  0^  C^ 

•  •  « 

00  00  00 
CM  CM  CM 


ro  vD  VD 

^  T-  CO 

^  00  (r> 

ro  o  t- 

VD  ro  ro 

CM  av  0^ 

^  o  o 

^  O  CM 

O  ov  CM 

Ov  ^  o 

00 

00  00  00 

00  00  00 

00  00 

00  00 

ry  ^  ^ 

Tt  ^  Tt 

^  ^  ^ 

^  ^  ^ 

^  Tf  5}* 

332  2.090  13.52  268  1351 


TABLE  VI.-  Concluded 


I  in  -H 
(U  w 
y 

0)  +J 
y  w 


O  fM  CN 

ro  m  ro 


CN  o  ^ 

fvj  (N  (N 


CM  in  o 
ro  ro 


OD  i£) 

(N  CM  rsl 


c 

0} 

•H 

w 

P 

<u 

fcj 

p 

<D 

4J 

PQ 

W 

vD  m  o 
in  ^  in 


t-  v£)  o 
ko  r-  o 

T—  r-  nj 


o  a>  (T) 


CM  CM 

in  ^ 


m  VO  <T> 
00  cx)  r- 


CM  VO  in 
o  00  a^ 

CM  ^  T- 


CTi  ro  <Ti 

ro  rr 


CM 

00 

00 

00 

00 

CM 

00 

(T^ 

P- 

o 

00 

<T> 

vO 

VO 

m 

00 

CM 

CM 

00 

00 

00 

o  00 
ro  m 


CD 

CQ 

w 

CP 

CD 

fd 

a 

. 

p 

y 

a 

CD 

o 

•H 

> 

•H 

< 

4^ 

0) 

O 

0)  c  • 

Cn  (d  C 
ru  -P  -H 
W  m 
•H 


IH  0)  C 
0  g  -H 
tc  (T5 
•H 


r-i  <v  a 
o  B  -H 
pq  m 

•H 

rO 


moo 
00  CTk  o 
00  00  (y\ 
o  o  o 


VO  P'  m 
m  m  m 


VO 

00 

O 

CP 

o 

CP 

00 

CP 

m  m  m 

VO  ^  CM 
^  ^ 
CM  CM  CM 


^  00  ^ 
ro  m 
00  00  00 
o  o  o 


o 

o 

1— 

vo 

vo 

vo 

p- 

o 

p* 

P' 

m 

o 

m 

T- 

00 

P- 

CP 

00 

CM 

CM 

00 

T— 

CM 

o 

(P 

00 

00 

00 

00 

00 

o 

* 

o 

CP 

m 

00 

vo 

00 

p 

vo 

vo 

vo 

m 

m 

m 

o 

vo 

00 

m 

m 

T- 

m 

m 

m 

CP 

CP 

CP 

• 

♦ 

• 

o 

CP 

00 

00 

CP 

00 

00 

00 

00 

00 

T— 

T— 

» 

. 

• 

o 

m 

m 

m 

o 

o 

o 

vo 

m 

CP 

vo 

00 

CP 

p 

p 

m 

00 

00 

CM 

CM 

CM 

CM 

CM 

CM 

m  m  vo 

CM  T-  (M 

00  00  CO 
o  o  o 


m  ^  o 
t-  r- 
VO  VO  vO 
r-  p- 


O  o^ 

<Ti  p*  m 
00  00  00 
o  o  o 


CM  CM  00 
o  P'  00 
00  P-  vo 

CO  00  m 


894 

890 

893 

894 

893 

901 

m 

o 

o 

CP 

CP 

o 

o 

o 

00 

00 

00 

m  o 
00  00  00 
00  00  00 
o  o  o 


O  ^  P- 

cr>  00  o 
vo  vo  P* 
m  m  m 


m 

o 

o 

00 

T— 

CM 

CP 

o 

00 

CM 

00 

CP 

00 

vo 

CM 

OM 

00 

00 

00  ; 

o 

o 

o 

o 

^  ro  ^ 
00  m  T~ 
m  vo  vo 
r-  p* 


00 

m 

00 

CP 

CP 

00 

00 

00 

0.1886 

0.1886 

VD 

00 

00 

O 

0.1886 

00 

P 

VD 

VD 

00 

m 

P 

p 

1 

1 

1 

12 

& 

12 

:s 

m 

T“ 

CP 

r- 

iJ  kJ 

Jq 

Jb  Kl  hq 

»-q  >4 

m  v£} 

^  CM  00 

^  CM  00 

00 

TABLE  VII.-  BOLTED-JOINT  DATA  FOR  CONTRACT  CELION  6000/PMR-15  SPECIMENS  TESTED  AT  297  K  (75"F) 
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TABLE  VIII.-  BOLTED-JOINT  DATA  FOR  CONTRACT  CELION  6000/RMR-15  SPECIMENS  TESTED  AT  572  K  (570«F) 
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TABLE  IX.-  BOLTED-JOINT  DATA  FOR  CELION  6000/LARC- 1 50  SPECIMENS  TESTED  AT  116  K  (-250°F) 
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TABLE  X.-  BOLTED-JOINT  DATA  FOR  CELION  6000/LARC-160  SPECIMENS  TESTED  AT  297  K  (75<>F) 
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TABLE  XI.-  BOLTED-JOINT  DATA  FOR  CELION  6000/LARC- 160  SPECIMENS  TESTED  AT  589  K  (600°F) 
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TABLE  XII.-  SUMMARY  OF  FAILURE  MODE  DATA  FROM  BOLTED-JOINT  TESTS 


Failure  Mode  Key:  T  Net  tension 
B  Bearing 
S  Shear-out 


C  Combination 
M  Multiple 


(a)  Joints  tested  at  116  K  (-250®F) 


w/d  e/d 


Specimen  failure  mode 
Celion  6000/PMR-15 


B-S  B-C 


B-S  B-T 


B-C  B-C 

B  B 


Celion  6000/ 
LARC-160 


T 

T 

T 

T 

T 

T 

S 

S 

M 

M 

B-T 

B-T 

[b)  Joints  tested  at  297  K  (75®F) 


w/d  e/d 


Specimen  failure  mode 


Celion  6000/PMR-15 
ouse  I  Contract 


T 


M  M 

B  B 


Celion  6000/ 
LARC-160 


T 

T 

T 

T 

B-T 

B 

T 

T 

to 

1 

O 

B 

B-C 

B-T 

B-T 

B 

B 

B-T 

B-T 

B-T 

S 

S  1 

S 

S 

S 

B 

B 

B-S 

B-S 

B-S 

B 

B 

B-T 

B  : 

B 

(c)  Joints  tested  at  589  K  (600®F) 


Specimen  failure  mode 


Celion  6000/PMR-15 


Celion  6000/ 
LARC-160 


Contract  Celion  6000/PMR-15  tested  at  572  K  (570°F; 


TABLE  XIII.-  SUMMARY  OF  MAXIMUM  JOINT  STRESSES  FROM  BOLTED- JOINT  TESTS 


(a)  Joint  stresses  at  116  K  (-250°F) 


Composite 

Celion  6000/PMR-15  In-house 

Contract 


Celion  6000/LARC- 160 
Celion  6000/PMR-15  In-house 

Contract 


Celion  6000/LARC- 160 
Celion  6000/PMR- 15  In-house 

Contract 

Celion  6000/LARC- 160 
Celion  6000/PMR- 15  In-house 


Contract 


Celion  6000/LARC  160 
Celion  6000/PMR- 15  In-house 

Contract 

Celion  6000/LARC- 160 
Celion  6000/PMR- 15  In-house 

Contract 

Celion  6000/LARC- 160 


Maximum  stresses^ 

Net  tension, 
MPa  (ksi) 

Bearing, 

MPa  (ksi) 

Shear-out 
MPa  (ksi) 

330  (47.8) 

962  (139.5) 

196  (28.4) 

359  (52.1) 

1085  (157.3) 

219  (31.7) 

327  (47.4)  I  989  (143.5)  I  197  (28.5) 


367  (53.3) 

1072  (155.5) 

343  (49.7) 

1041  (151.0) 

157  (22.7) 

147  (21.3) 

359  (52.1) 

1087  (157.7) 

154  (22.3) 

288  (41.7) 

1113  (161.4) 

227  (32.9) 

305  (44.3) 

1239  (179.7) 

248  (35.9) 

270  (39.1) 

1087  (157.6) 

216  (31.4) 

314  (45.6) 

1223  (177.4) 

179  (25.9) 

Celion  6000/PMR- 15 

In-house 

Contract 

Celion  6000/LARC-160 

312  (45.3) 

1262  (183.1) 

177  (25.7) 

299  (43.4) 

1207  (175.0) 

171  (24.8) 

182  (26.4) 

887  (128.7) 

303  (43.9) 

202  (29.3) 

1016  (147.3) 

341  (49.5) 

157  (22.8) 

793  (115.0) 

265  (38.4) 

233  (33.8) 

1138  (165.0) 

232  (33.6) 

1 

6.0 

4. 

6.0 

4. 

252  (36.5)  1267  (183.8)  252  (36.6) 
214  (31.1)  1082  (157.0)  214  (31.1) 
261  (37.9)  1276  (185.1)  186  (27.0) 


268  (38.8)  1343  (194.8)  190  (27.5) 
247  (35.8)  1247  (180.8)  177  (25.7) 


Average  of  test  data 


N 


TABLE  XIII.-  Continued 


(b)  Joint  stresses  at  297  K  (75®F) 


Maximum  stresses 


Celion  6000/PMR-15  In-house 

Contract 


Celion  6000/LARC-160 


Celion  6000/PMR-15  In-house 

Contract 


Celion  6000/LARC-160 
Celion  6000/PMR-15  In-house 


Contract 


Celion  6000/LARC- 160 


Celion  6000/PMR-15  In-house 

Contract 


Celion  6000/LARC- 160 


Celion  6000/PMR-15  In-house 

Contract 

Celion  6000/LARC- 160 
Celion  6000/PMR-15  In-house 

Contract 


Celion  6000/LARC- 160 


Celion  6000/PMR-15  In-house 

Contract 


Celion  .6000/LARC- 160 


^Average  of  test  data. 


Net  tension. 

MPa 

(ksi) 

308 

(44.6) 

Mmm 


316  (45.9)  963  (139.7)  |  192  (27.9) 


312  (45.2  943  (136.7)  188  (27.2) 


313  (45.4)  912  (132.3)  134  (19.5) 


331  (48.0)  1007  (146.0)  I  143  (20.7) 


317  (46.0)  958  (138.9)  |  136  (19.7) 


243  (35.3)  945  (137.1)  |  194  (28.1) 


253  (36.7)  1024  (148.5)  I  205  (29.8) 


240  (34.8)  967  (140.3)  I  192  (27.9) 


265  (38.5)  I  1034  (150.0)  |  152  (22.0) 


272  (39.4) 

1100  (159.5) 

261  (37.9) 

1054  (152.8) 

146  (21.2) 

710  (103.0) 

151  (21.9) 

757  (109.8) 

141 

(20. 

.4) 

197 

(28, 

.5) 

205 

(29, 

.8) 

197 

(28, 

.6) 

214 

(31, 

.0) 

221 

(32, 

.0) 

212 

(30, 

.7) 

3 


TABLE  XIII.-  Concluded 


(c)  Joint  stresses  at  589  K  (600°F) 


Composite 


3.9 

2.9 

4.0 

3.0 

1 _ _ 

4.0 

3.0 

3-9 

3.9 

4.0 

4.0 

4.0 

4.0 

Celion  6000/PMR-15  In-house  3.9  2.9 


Celion  6000/LARC-160 


Celion  6000/PMR-15  In-house 


Celion  6000/LARC-1 60 


Celion  6000/PMR-15  In-house 

Contract  5.0  I  3.0 


Celion  6000/LARC-160  5.0  3.0 

Celion  6000/PMR-15  In-house 


Contract  5.0  4.0 


4.0 


Celion  6000/LARC-160 

Celion  6000/PMR-15 

In-house 

Contract 

Celion  6000/LARC-160 


Celion  6000/PMR-15  I  In-house 


6. 


2.9 


Contract  6.0  3.0 


Celion  6000/LARC-160 

Celion  6000/PMR-15 

In  house 

Contract 

Celion  6000/LARC-160 

_ .  T  • _ /- 


6.0  4.0 


w/ d  e/d 


Maximum  stresses 

Net  tension.  Bearing,  Shear-out, 

MPa  (ksi)  MPa  (ksi)  MPa  (ksi) 

203  (29.4)  591  (85.7)  120  (17.4) 

199  (28.8)  597  (86.6)  120  (17.4) 


219  (31.8)  661  (95.9)  132  (19.1) 


216  (31.3)  629  (91.3)  92  (13.3) 

226  (32.8)  688  (99.8)  97  (14.1) 


228  (33.0)  689  (99.9)  98  (14.2) 


159  (23.0)  I  618  (89.6)  128  (18.6) 


163  (23.7)  660  (95.7)  131  (19.0) 


163  (23.6)  657  (95.3)  131  (19.0) 


176  (25.5)  687  (99.6)  101  (14.6) 


187  (27.1)  756  (109.6)  107  (15.5) 


182  (26.4)  736  (106.7)  104  (15.1) 


103  (14.9)  502  (72.8)  172  (25.0) 


114  (16.6)  578  (83.8)  194  (28.1) 


102  (14.8)  I  514  (74.6)  I  171  (24.8) 


129  (18.7)  627  (91.0)  128  (18.6) 


146  (21.2)  736  (106.7)  147  (21.3) 


138  (20.0) 

696  (100.9) 

145  (21.0) 

704  (102.1) 

154  (22.4)  776  (112.5)  110  (16.0) 


148  (21.4)  746  (108.2)  106  (15.4) 


Contract  Celion  6000/PMR-15  stresses  at  572  K  (570<>F) 
^Average  of  test  data. 


TABLE  XIV.-  JOINT-STRENGTH  DATA  FOR  GRAPHITE/POLYIMIDE 


LAMINATES  DETERMINED  FROM  BOLTED-JOINT  TESTS 


Composite 

Joint  strength 

Net  tension, 
MPa  (ksi) 

Bearing, 
MPa  (ksi) 

Shear-out, 
MPa  (ksi) 

1 16  K  (-250°F) 

Celion  6000/PMR-15 

In-house 

367  (53.3) 

1276  (185.1) 

>303  (43.9) 

Contract 

359  (52.1) 

1343  (194.8) 

>341  (49.5) 

Celion  6000/LARC-160 

359  (52.1) 

>1247  (180.8) 

265  (38.4) 

297  K  (75®F) 

Celion  6000/PMR-15 

In-house 

313  (45.4) 
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Figure  3.-  Loading  and  heating  apparatus  for  bolted- joint  tests. 


Figure  4*-  Failed  bolted- joint  specimens  representative  of  the  fiv* 

failure  modes  observed. 
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